Titanium and titanium alloys are frequently used in orthopaedic implants in load bearing situations because they possess favourable properties, such as a good ductility, tensile and fatigue strength, modulus of elasticity matching that of bones, low weight, and good biocompatibility. The drawback of Ti implants is their poor osseointegration and osteoconductive properties. The present paper describes the techniques to improve the bioactivity of titanium and enhance the bone-implant bonding ability by the electrochemical anodization to fabricate titania nanotube arrays (TiO 2 ). The naturally formed oxide layer has bio-inert character and does not readily form a strong interface with surrounding tissue. It has been proved that osseointegration of titanium implants can be improved by rough surfaces of Ti implants [1, 2] . The nanotubular surface enhances adhesion, growth and differentiation of the cells. The nanotubular arrays increase the roughness of titanium implants on the nanoscale, providing the surface similar to that of a human bone. Bone-forming cells tend to adhere to the surfaces that are similar to natural bone both in chemistry and roughness. Nanotubular layers provide a high surface-to-volume ratio with controllable dimensions which are able to differentiation of mesenchymal stem cells into osteoblastic cells. Moreover, the anodized nanotubular arrays on titanium surface can be used as reservoirs for drugs (antiinflammatory, and improving bone-growth) with prolonged drug release ability. Also, there is possibility to further enhance bioactivity of titanium implant with nanotubular surface by hydroxyapatite deposition into the titania nanotubes which further promotes bone ingrowth. The application of nanotubular structures of oxide layers can be optimized taking into consideration some important parameters as osseointegration rate and interface strength determined by nanotube mean size and length. The paper critically reviews so far investigations focused on nanooxidation of titanium and titanium alloys. The numerical model of nanotubular arrays with the use of Finite Element Method (FEM) is proposed for an assessment of the load transfer and stress distribution under applied loading which could be a critical factor when considering the described application of nanotubes.
INTRODUCTION
Present orthopaedic bone implants have a limited life-time, up to 10-15 years, due to a variety of reasons as extensive inflammation or poor osseointegration. Titanium and its alloys are very promising biomaterials for bone tissue implants as they possess good physicochemical stability, mechanical integrity, good biocompatibility and excellent corrosion resistance in application as a bone implant material [3] . They also have an excellent strength-to-weight ratio. The drawback of titanium materials is their bioinert character, which results in no chemical connection to the bone or lack of actively induction of bone growth. Therefore, various surface modifications methods of bioactivation of titanium implants have been carried out to enhance the bone-titanium implant bonding. Nowadays, the accurately defined surface structure of biomaterials is recognized as a main strategy in the design of the new generation of bone implants. Those implants should have a bioactive surface layer that has high surface area for enhanced bonding yet should be thin enough to minimize delamination which leads to implant loosening, and in consequence, to the implant failure. Present findings indicate that titanium and its alloys with the vertically aligned selforganized titanium oxide nanotube arrays are the most appropriate biomaterials due to the large surface area and the defined geometry [4, 5] . The nanotubular titania arrays can act as an intermediate layer for calcium phosphate deposition, thus improving the bond strength between apatite and titanium substrate and enhance bioactivity and boneimplant bonding.
NANOTUBULAR TITANIUM OXIDE LAYER
Natural and non-uniform oxide layer on titanium and its alloys does not protect the implant sufficiently in biological environments, so the surface of titanium needs to be modified. One of the most popular method of surface modification is electrochemical anodization [6] . The electrochemical anodization in fluoride containing solutions results in nanotubular titanium oxide layer on the titanium surface. Titanium and titanium alloys with anodic tubular oxide layer are very promising materials considering them as high performance biomedical materials, because they have excellent physical and chemical properties as well as biocompatibility [2, 7] .
Nanotubes formation
The exact mechanism of nanotube formation (Fig.1 ) by electrochemical anodization is still unclear and remains a subject of very intensive research [5, 8, 9] . The TiO 2 nanotube arrays formation in F --containing electrolytes is a result of two competing electric field-assisted processes: hydrolysis of Ti metal to form TiO 2 and chemical dissolution of TiO 2 at the oxide/electrolyte interface (Fig.2 ). There are three stages which generally explain the TiO 2 tubular growth, as explained in details by Crawford et al. [9] : -Initial formation of the oxide barrier layer, where compact oxide film is created, accompanied by the decrease in anodic current density until it reaches the steady state. -Formation of uniformly distributed pores by chemical dissolution of barrier oxide layer and increase in current density. -Separation of interconnected pores into ordered nanotubes as a result of simultaneous growth of voids (regions between pores which are susceptible to field-assisted oxidation/dissolution) and pores [10] . 
Effect of electrolyte parameters
The electrochemical anodization may be carried out in different electrolytes which are aqueous, organic, polar organic or ethylene-glycol, resulting in different nanotubes geometries [12] . In many electrolytes, tubes can be grown with diameters of about 50-100 nm and at anodic voltage range between 10 V and 20 V [5, 13] . In glycerol solutions [14] , both the water content and fluoride content determine the tube growth kinetics. Additionally, nanotubes layer grown at 40 V have a crystalline anatase structure already in the as-formed state, whereas for different types of electrolytes used, to convert the amorphous tubes into crystalline anatase or rutile phase, usually annealing is necessary [15] . Apart of the type electrolyte used, the electrochemical parameters play an important role in determining the tube morphology and structure. The structure of nanotubular TiO 2 arrays depend on the voltage applied during anodic oxidation due to the equilibrium between electrochemical formation of titania and chemical dissolution of titania in fluoride-containing electrolytes [16] . The investigations indicated that an increase of applied voltage from 10 to 25 V resulted in an increasing average tube diameter from 30 nm to 150 nm (e.g. in case of anodization in 1 M H 2 SO 4 and 0.15 wt.% HF) [17] . The tube diameter and thickness can be controlled by changing the anodization time, as reported by Tsuchiya at al. [18] , where in neutral fluoride containing (NH 4 ) 2 SO 4 electrolyte an increase of the anodization time from 3 h to 10 h resulted in a tube length increase of 58% (the tube length of 1.7 µm to 2.7 µm, respectively). In addition, there is a thinning effect for nanotubes at more acidic pH values which can be attributed to accelerated chemical dissolution of the tube walls [7] . Furthermore, the current density plays a significant role in nanotube formation with respect to tube diameter and morphology. Kaneco et al. [19] noticed that current density increased from 10 to 30 mA*cm -2 resulting in enlargement of the tube diameter from 30 to 145 nm in fluorinated methanol and water mixture electrolytes.
Biocompatibility and bioactivity of titanium nanotubes oxide layer
The essential requirement for an implant to bond to the living bone is the formation of bone-like apatite on its surface when implanted in the body. The apatite layer will promote the tissue growth adjusted to the implant and the formation of strong bond between the tissue and the material after the implantation. Different surface modifications methods have been developed to improve bioactivity, osteoconductivity and osseointegration of titanium implants. The nanotubular layer has an ability to enhance osteoblasts' functions providing necessary fluids in spaces between the nanotubes in similar way to human bone growth where body fluids provide substances sustaining cells to preserve life functions. Also, the nanotubular layer provides a very high surface-to-volume ratio for more cells adhesion. To evaluate bioactivity of a biomaterial at in vivo conditions, a simulated body fluid (SBF), with almost the same ion concentrations as those of human blood plasma, can be used [20] . It has been proposed that the material, which forms bone-like apatite on their surface in SBF, can also form apatite in a living body and can bond to the bone through the apatite layer [21] .
HA DEPOSITION INTO TITANIUM OXIDE NANOTUBES
Hydroxyapatite (HA; Ca 10 (PO 4 ) 6 (OH) 2 ) is a ceramic material with a chemical similarity to the mineral component of human bones and teeth. Also, HA exhibits bioactive behaviour and integrates into living tissue by the same processes as active in remodelling of healthy bone. This process leads to the physicochemical bond between the implant and the bone. Dense HA coatings on titanium implants have some drawbacks like the possibility of delamination from the substrate [22] . The nanotube arrays contribute to the increase in surface roughness and surface area provided for the subsequent hydroxyapatite coating deposition. Also, the nanotube structure serves as an excellent anchorage for HA coating which improves the mechanical interlocking of the implant to the bone. There are some reports on the preparation of HA coating on the TiO 2 nanotubes using methods, like cathodic deposition [22] , electrodeposition [23] , or biomimetic deposition [24] . Calcium phosphate deposition onto nanotubular TiO 2 layer by electrodeposition process is conducted in electrolytes containing salts (Table 1) . In order to achieve more uniform HA coating with higher bond strength above 16 MPa), the alkali treatment in 0.5 M NaOH before deposition of HA can be used [23] . As a result of alkali treatment, the titanates appear at the neck of titania nanotubes enhancing the formation of HA during electrodeposition process. It was shown, that bioactive hydroxyapatite coatings on as anodized titania nanotubes could be obtained by a biomimetic method without another surface treatment [25] . The apatite deposition can be evaluated by immersion test in simulated body fluid (SBF), where calcium and phosphate ions are rapidly deposited onto the surface of the nanotubular layer. It is noteworthy, that when biomimetic technique is applied the crystal shape of HA coating is spherical and in electrochemical method becomes hexagonal. Very recently, Kodama et al. [7] proposed quite simple alternative immersion method (AIM) treatment which preloads titania nanotubes with synthetic HA by a procedure of repeated cycles of immersion in saturated 0.02 mol/dm 3 Ca(OH) 2 and 0.02 mol/dm 3 (NH 4 ) 2 HPO 4 at room temperature, achieving flake-like deposits on the nanotube layer as well as inside each single tube.
FILLING OF NANOTUBES
Nanotubes of titanium oxide can serve as a reservoir and drug delivery system for antiinfection, anti-inflammation and pro-bone growth drugs at the site of implantation [27] . It has been found that by additional surface modification with plasma polymerization, the control over reduction of pore diameter and immobilization of some molecules can be achieved [28] . The method involves deposition of a plasma layer rich in reactive amine groups from allylamine which are favourable for cell adhesion. Additionally, the titania nanotubes arrays can be loaded with different amount of drugs significantly reducing bacterial adhesion on the implant surface. It was proven, that when filling the tubes with gentomicin, commonly used aminoglycoside antibiotic to prevent bacterial infection around the implant, the osteoblast proliferation was enhanced [29] . The nanotubes can be filled with antibiotics via simplified lyophilisation method where solution is pipped onto the nanotubes surface and dried under vacuum at room temperature or soaking the implant in the combination of drug and SBF solutions [30] .
FEM MODELLING OF MECHANICAL PROPERTIES OF NANOTUBULAR ARRAYS
It is important to characterize the mechanical behaviour of nanotube arrays to elucidate deformation mechanism, because a long-term structural stability for materials implanted in the human body is crucial. To assess the bone -implant integration and the bond strength between the coating and substrate, several mechanical tests were applied, like adhesion test by pull-off method using scratch tester [31] , tensile test [32] , compressive strength test on universal testing machine [33] , or nanoindentation which is the most appropriate method for a very thin coating with the thickness less than 10 µm [34]. The authors observed that coating delamination occurred on unloading due to residual stresses for a very thin coating (nanotubes length up to 250 nm) and not for thicker coatings (600-650 nm). Strength analysis of titania oxide nanotubular structure were performed with FEM program Patran 2008r2 as the pre-and postprocessor and with MD Nastran R3c as the solver. The FEM model was entirely generated with SOLID elements (Hex8 and Wedge6). The model reached 1609512 degrees of freedom. The topology of the FEM model is shown on Figure 3 . The boundary conditions were set in such a way, that all degrees of freedom were locked on the bottom edge of the base. The length of the base Ti was so selected, that the assumed boundary conditions are not influencing the results at connection between nanotubes and the base. The material properties used in the analysis are shown in Table 2 and the material distribution in the model is shown on Fig. 4 . Following five load conditions were analyzed: • LC1 -deadweight of the structure (only gravitational acceleration), • LC2 -deadweight of the structure and load of 22 µN, • LC3 -deadweight of the structure and load of 50 µN, • LC4 -deadweight of the structure and load of 100 µN, • LC5 -deadweight of the structure and load of 150 µN. The load was delivered as the pressure distributed on the upper edge of each nanotube, which is shown in Figure 5 . The loads are the global loads distributed on the entire structure -in presented case on 22 nanotubes. Table 3 shows values of displacements [nm] and Von Misses stresses [Pa] in nanotube elements for each load condition. Maximum stresses occurred on interfaces between nanotubes and the base, that is shown in Figure 6 as the example for load condition LC2. The proposed model will be developed for different geometries of nanotubular arrays. As seen, the deformation under the applied load could be quite high. Therefore the application of more rigid nanostructures may be necessary followed by FEM calculations of mechanical behaviour. 
CONCLUSIONS
Nanotubular titanium oxide layer enables implant-bone bonding better than conventional micro-roughened titanium surface enhancing mineral formation, adhesion of osteoblasts and bone growth in vivo. It has been proven that cells respond positively to nanotopography which is similar to the natural roughness of human bone. Boneforming cells tend to adhere more readily to the surface if it is chemically and physically similar to natural bone, thus nanotubular titanium oxide layer is a promising biologically-inspired method to promote osteoblast functions and enhance implant-bone bonding. The use of titanium oxide nanotube arrays formed by simple anodic oxidation is desirable for enhancing the implant-bone bonding by reducing time for osseointegration, enhancing cell proliferation and cell-material interaction, providing sustained and controlled drug reservoir and release, preventing infections and inflammatory reactions after the implantation and increasing implant life-time. The proposed FEM model allows to investigate the effect of applied load on the stress and strain behaviour of nanotubular array. Based on the numerical simulation results, the optimal geometry of nanotubes can be derived considering the loading conditions at the implantation site of the porous implant with nanotubular coating layer. The paper summarizes the so far investigations focused on nanooxidation of titanium and titanium alloys used as orthopaedic materials. In order to maintain the desired properties of nanooxide arrays it is necessary to analyse whether the nanotubes will be able to carry the possible loads resulting from surgery procedures and post-implantation conditions.
